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Edited by Veli-Pekka LehtoAbstract aI domain integrins have been found in the ascidian
Ciona intestinalis. We produced Ciona a1I domain as a recom-
binant protein. It did not recognize ﬁbril-forming collagens or
bind to GFOGER or other similar motifs in triple-helical pep-
tides. No GFOGER motifs were found in Ciona collagens. As
Ciona a1I bound to collagen IX, we propose that before the
emergence of GFOGER-dependent collagen receptors in verte-
brates, aI domain integrins might have been able to bind to col-
lagen with alternative mechanisms.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The conserved protein family of integrins operates in cell
adhesion and in intercellular communication. Half of the 18
human a subunits contain an aI domain homologous to the
von Willebrand factor A (vWFA) domain. In human integrin
aI domains a conserved metal ion dependent adhesion site
(MIDAS) forms the ligand binding site [1].
The earliest-diverging lineage in which integrin aI domains
are found is the most basal clade of chordates, the urochor-
dates [2]. Manual gene annotation has resulted in complete
or near-complete coding sequences for eleven Ciona integrin
a subunits, eight of which have the aI domain [3]. One aI do-
main integrin has been identiﬁed from another ascidian, Halo-
cynthia roretzi [4]. Protostomatous invertebrates apparently do
not have integrin aI domains [2].Abbreviations: FACIT, ﬁbril associated collagen with interrupted triple
helices; GST, glutathione-S-transferase; MIDAS, metal ion-dependent
adhesion site; MULTIPLEXIN, multiple triple helix domains with
interruptions; vWFA, von Willebrand factor A domain
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doi:10.1016/j.febslet.2007.04.054Collagens are a family of extracellular matrix proteins found
in all metazoans [5]. Ciona intestinalis has orthologous genes
for most of the vertebrate collagen subtypes, including ﬁbrillar,
basement membrane, transmembrane, FACIT (ﬁbril associ-
ated collagen with interrupted triple helices) and MULTI-
PLEXIN (multiple triple helix domains with interruptions)
collagens, the exceptions being collagen types VI, VII and
XXVIII. Genome duplication diversiﬁed the vertebrate reper-
toire of collagens. The smaller diversity of invertebrate colla-
gen chains is manifested for example by FACIT B a1, the
Ciona ortholog of the vertebrate collagen IX chains a1–3,
which seems to encode a homotrimeric collagen whereas the
vertebrate genes encode a heterotrimeric form [6].
In ﬁbril-forming collagens human integrins bind to triple
helical motifs containing amino acid sequences such as GFO-
GER [7,8]. Four human aI domain integrins are collagen
receptors. The other ﬁve aI domain integrins are expressed
on inﬂammatory cells and they mediate interactions with coun-
ter receptors or plasma proteins.
Together with the H. roretzi aHr1, the Ciona a subunits
form a new monophyletic group outside of the vertebrate aI
domain group, which contains the collagen receptors and the
leukocyte integrins [9]. aHr1 may function as a complement
receptor [4], but the phylogeny does not suggest a function
for the other ascidian a subunits. To date, collagen-binding
aI domain integrins have only been found in vertebrates, sug-
gesting that direct, integrin-mediated cell adhesion to collagens
is a vertebrate invention. Here, we have tested the hypothesis
that ascidian integrins might be able to act as collagen recep-
tors and that these integrins may shed light on the emergence
of this cell adhesion mechanism.2. Results and discussion
2.1. Ascidian integrin aI domains have a complete MIDAS but
no other characteristics of vertebrate collagen receptors
According to phylogenetic analyses [2,3,9,10], the uro-
chordate aI domain subunits segregate as one monophyletic
group outside both the vertebrate collagen receptors and leu-
kocyte-speciﬁc integrins. Since these comparisons do not sup-
port or exclude the role of ascidian integrins as collagen
receptors, we used molecular modeling to analyze their
likely three-dimensional structure. We built comparativeblished by Elsevier B.V. All rights reserved.
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based on published human a2I structures [8,11]. The residues
that coordinate the metal ion in the MIDAS are conserved
and positioned to form a metal binding site in Ciona I domains
(numbering of Ciona integrins as in 3: a1 is named aCiId2
and a2 is named aCiId1 in 9). In Ciona a5, the second serine
of the MIDAS signature DxSxS is replaced by a threonine
(Fig. 2). The three-dimensional model for a5 suggests that itFig. 1. Ciona a1 contains a conserved MIDAS. (A) Ribbon diagrams of
comparative models of Ciona a2I and a1I (blue) I domains. The metal-coordi
characteristic of mammalian collagen receptors but missing in Ciona I domain
bC loop in Ciona a1I matches that of the human aI domains, but this loop is 6
structures of selected I domains and vWFA3. Crystal structures of human a
substantially from the ‘closed’ state observed in crystals without the collagen-
metal ion are drawn as dashed lines. T221 coordinates directly to the metal i
T221 is hydrogen-bonded to a water molecule (W) that is coordinated to the m
ligand collagen triple-helical peptide is drawn in grey. The essential MIDAS r
metal ion are conserved in Ciona I domains. A view of MIDAS from the mode
human leukocyte integrin aL X-ray structure (green) and the corresponding
ion, are shown for comparison.may, nonetheless, form a functional metal coordination site.
The loop that includes the aC helix, and is diagnostic for ver-
tebrate collagen receptors, is 9 or 10 residues shorter in the
Ciona I domains and cannot form the aC helix structure
(Fig. 2).
All vertebrate integrin aI domains have a conserved gluta-
mate (E335 in human a1) in helix a7 (Fig. 2). This residue is
critical for the function of the aI domain as a ligand for thethe human a2I (yellow) crystal structure, closed form, and of the
nating residues are drawn as stick models. The aC helix of human a2I,
s, and the bB–bC loop of Ciona a2I are labeled. The length of the bB–
–14 residues longer in the other Ciona aI domains like a2I. (B) MIDAS
2I (yellow) show that the collagen-binding ‘open’ conformation diﬀers
like triple-helical peptide. Hydrogen bonds and bonds coordinating the
on (M) in the open conformation, whereas in the closed conformation
etal ion. In the human a2I open conformation, the glutamate (E) of the
esidues that participate directly or indirectly in the coordinating of the
led Ciona a1I structure is shown in blue. MIDAS in the I domain of the
site in the vWFA3 X-ray structure (red), which does not bind a metal
Fig. 2. Sequence alignment. Sequence alignment of Ciona, Halocynthia and selected human aI domains. The numbering is according to the sequence
of human a1I. The most frequent residue type at each position is drawn on a grey background. Secondary structure elements from the crystal
structures of human a2I and aMI are indicated on the ﬁrst two lines. The helices are labeled a1, . . ., a7, aB, aC, aF and the beta strands are labeled
bA  bF. Residues participating in metal ion coordination at MIDAS are drawn in white on a black background and labeled ‘M’. For collagen
receptors, residues that form hydrogen bonding or electrostatic interactions with the GFOGER motif in collagen-like triple-helical peptide are drawn
in white on a grey background (labeled ‘G’). The glutamate residue that has been found essential to signaling and that is conserved in vertebrate I
domains (labeled ‘Sign.’) is drawn in white on a dark grey background.
2436 M. Tulla et al. / FEBS Letters 581 (2007) 2434–2440bI domain in the same receptor heterodimer [12,13]. Mutation
of this residue destroys the normal function of the integrin [14].
Our sequence alignment shows that the critical glutamate res-
idue is conserved only in the a1 integrin of Ciona, indicating
that the other Ciona aI domain integrins likely do not share
with the vertebrate integrins the same mechanism of signal
transduction via conformational change.2.2. Ascidian integrin aI domains cannot recognize the triple
helical GFOGER motif
GFOGER is a high aﬃnity recognition sequence for human
integrin a1I, a2I and a11I domains [7,15]. Variants of this se-
quence; such as GLOGER, GASGER and GROGER mediate
binding as well [16–18]. In the crystal structure of the human
a2I–collagen complex, hydrogen bonds are formed between
M. Tulla et al. / FEBS Letters 581 (2007) 2434–2440 2437the N154, Y157, and H258 side chains of the I domain and the
main-chain carbonyl oxygens in the triple helical GFOGER
peptide [8]. These three residues are perfectly conserved in all
vertebrate collagen receptor aI domains but are variable
among leukocyte-speciﬁc I domains and are not conserved in
the Ciona I domains (Fig. 2), where, for example, the residues
corresponding to human a2I N154, Y157 and H258 are T, L,
and Q in Ciona a1I (Fig. 3A). The arginine of the GFOGER
sequence forms electrostatic interactions with D219 in human
a2I. Substituting D219 by mutagenesis alters the preference of
the human I domain for diﬀerent collagen types [19]. At the
corresponding position, the Ciona a4 I domain has a glycine
residue, with no side chain with which to make electrostatic
interactions. In the other Ciona I domains, the loop containingG
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Fig. 3. Ciona a1I does not recognize GFOGER or other high aﬃnity binding
of human a2I domain (yellow, left) and a synthetic triple-helical collagen p
domain and the triple helix shown (dotted lines). The glutamate side chain of
in MIDAS. Hydrogen bonds are formed between the side chains of N154, Y
triple helix. The arginine of the GFOGER sequence forms electrostatic intera
(blue, right) and the collagen triple helical peptide. Residues N154, Y157,
orientation of Ciona a1I relative to the collagen structure was derived by sup
with peptides 10 lg/ml in PBS or BSA. Binding of Ciona a1I and human a2this position is one residue shorter compared to human a2I,
and the position corresponding to D219 does not exist
(Fig. 2). Thus, the structural features essential for binding to
the GFOGER motif in the collagen triple helix are not present
in the Ciona aI domains.
In order to conﬁrm the predictions based on molecular mod-
eling, we produced the Ciona a1I domain as a recombinant
glutathione-S-transferase (GST) fusion protein. In a solid
phase binding assay Ciona a1I did not bind signiﬁcantly to
any of the triple helical collagenous peptides tested (Fig. 3B).
Importantly, we did not ﬁnd GFOGER containing collagens
among the proteins predicted from the C. intestinalis genome
(http://genome.jgi-psf.org/Cioin2/Cioin2.home.html). There-
fore, the GFOGER dependent binding mechanism of collagenBS
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motifs of human a2I domain. (A) Crystal structure [8] of the complex
eptide (grey) with the electrostatic and hydrogen bonds between the I
the GFOGER sequence in the triple helix coordinates to the metal ion
157 and H258 of the a2I domain and the main chains of the collagen
ctions with D219. On the right, a comparative model of the Ciona a1I
H258 or D219 of human a2I are not conserved in Ciona a1I. The
erposition on the human a2I–collagen complex. (B) Wells were coated
I (380 nM) was measured.
2438 M. Tulla et al. / FEBS Letters 581 (2007) 2434–2440receptor aI domains seems to have arisen only in the vertebrate
lineage.
2.3. Ciona a1I domain can act as a collagen receptor
The fact that Ciona a1I did not bind to GFOGER or related
motifs does not rule out the possibility of interaction with10000
20000
30000
40000
50000
60000
70000
80000
Bi
n
di
ng
 o
f C
io
na
 α
1I
 (C
PS
)
 
co
l I 
 
co
l II
 
co
l II
I
 
co
l IV
 
co
l V
 
co
l IX LN BS
A
0
50000
100000
150000
200000
250000
Bi
n
di
n
g 
of
 C
io
na
 α
1I
 (C
PS
)
Fig. 4. Ciona a1I binds to FACIT collagen IX. (A) Wells were coated with co
(B) An approximate dissociation constant for Ciona a1I (4.7–600 nM) wa
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Fig. 5. Binding of Ciona a1I to collagen IX is Mg-independent. Wells wer
300 nM), and human a2I (panel B, 300 nM), Ciona a1I and a1I T99A (panel
were allowed to bind to wells in the presence of 2 mM MgCl2 or 10 mM EDother sequences in collagens. Indeed, there is evidence that hu-
man integrin binding to collagens IV and IX is mediated by
other collagen motifs [20,21]. In a solid phase binding assay
with mammalian collagen types I–V, and IX Ciona a1I specif-
ically bound to collagen IX (Fig. 4A) but not to other collagen
subtypes. The strong and speciﬁc binding suggests that the rec-0 100 200 300 400 500 600
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itself gave no signal. We have speculated that in vertebrates,
collagen IX provides an alternative mechanism for cell adhe-
sion to collagen ﬁbrils [21], in addition to direct binding to ﬁ-
bril-forming collagens [22]. Ciona collagen IX is very similar to
its vertebrate orthologs [23].
Our results support the hypothesis that Ciona aI domain
integrins can selectively bind to collagen sequences despite
the fact that they cannot recognize collagens harboring GFO-
GER motifs. An approximate Kd for collagen IX binding was
determined to be 300 ± 70 nM, which agrees with the values
obtained for human aI domains (Fig. 4B).2.4. The binding of Ciona a1I to collagen IX is independent of
Mg2+ and MIDAS
Vertebrate integrin aI domains with a MIDAS bind to their
ligands using a divalent-cation dependent mechanism [8].
Divalent cation dependence of Ciona a1I was tested in the
presence of either 2 mM Mg2+ or 10 mM EDTA. Under these
conditions no diﬀerence was seen in the binding of Ciona a1I
to collagen IX (Fig. 5A). In contrast, human a2I domain bind-
ing decreased drastically in the presence of EDTA (Fig. 5B).
Engineered point mutations to destroy the metal binding to
the MIDAS were introduced into both Ciona a1I and human
a2I at the corresponding amino acids. In our assays, the muta-
tion T99A in Ciona a1I did not aﬀect its binding to collagen IX
(Fig. 5C), whereas binding of human a2I T221A was drasti-
cally impaired (Fig. 5D). Thus, Ciona a1I seems to be func-
tionally quite diﬀerent from vertebrate aI domain integrins.
Interestingly, close homologs of integrin aI domains, namely
A domains in proteins such as von Willebrand factor, do not
require Mg2+ for collagen binding. MIDAS is not present in
the vWFA3 domain; instead another surface is used for colla-
gen binding [24]. It is possible to speculate that non-integrin A
domains represent an ancient collagen binding mechanism and
that the ﬁrst aI domain integrins shared this property. Accord-
ing to this hypothesis, MIDAS-mediated and Mg2+-dependent
binding to the GFOGER site in collagens has evolved more re-
cently.3. Methods
3.1. Molecular modeling
Comparative models for the eight Ciona aI domains were built both
in the closed, unliganded conformation and the open, ligand-bound
conformation. The template PDB entries for the closed conformation
were 1AOX (human a2I), 1QC5 (human a1I), 1NA5 (human aMI).
The open conformation models were built on the crystal structure of
the human a2I domain in complex with a collagen-like peptide
(1DZI) [8]. Sequences were initially aligned using T-COFFEE 2.66
[25] and the alignment was edited manually to correspond to the super-
position of the template structures. Models were built using MODEL-
LER 7v7 [26]. Molecular graphics in Figs. 1 and 3 were prepared with
PyMOL (DeLano Scientiﬁc LLC, San Francisco, CA, USA).
3.2. Cloning, production and puriﬁcation of the GST fusion proteins
C. intestinalis a1I (accession number ci0100131118) was constructed
from a set of 30 overlapping oligonucleotides (Cybergene, Sweden),
with a method based on PCR. Oligos were designed with DNABuilder
(cbi.swmed.edu/computation/cbu/DNABuilder.html). Two rounds of
PCR were run. In the ﬁrst round Taq polymerase (MBI Fermentas)
was used to ﬁll in the gaps of overlapping oligonucleotides (94 C
1 min/50 C 1 min/72 C 1 min, 30 cycles). The round one PCR prod-
uct served as a template in the second round where Pfu polymerase(Promega) was used. Ampliﬁed gene was digested with XhoI and
EcoRI (Promega) and ligated with T4 DNA-ligase (Promega) to
pGEX-4T-3 vector (Amersham Biosciences). The sequence was veriﬁed
by sequencing. Plasmid pGEX-4T-3 containing a1I was transformed
to BL21-Gold Competent cells (Stratagene).
Human integrin a2I domain and Ciona a1I domain containing three
non-integrin amino acids (PNS) in N- and seven non-integrin (LER-
PHRD) amino acids in C-terminus were produced as GST fusion pro-
tein in Escherichia coli BL-21 strain essentially as described earlier [19].3.3. Solid phase binding assays
Ninety-six-well plates were coated with collagen I (rat tail, Sigma),
collagen II (bovine, Chemicon), collagen III (human, Chemicon), col-
lagen IV (human placenta, Chemicon), type V (human, Chemicon), re-
combinant IX (produced as described earlier [27]) and laminin-1
(Sigma) 5.5 lg/cm2 at +4 C over night. Delﬁa diluent II (Wallac)
1:2 in PBS was used to determine the background binding and to block
the wells. Recombinant aI domain GST fusion proteins in Delﬁa as-
say buﬀer (Wallac) were added to the wells and allowed to bind for 1 h
at RT. Two mMMg2+ or 10 mM EDTA was used as stated. Wells
were washed three times with PBS containing 2 mM Mg2+. For detec-
tion of the bound fusion protein, wells were incubated for 1 h at RT
with Eu3+-labeled anti-GST antibody (Wallac) 1:1000 in Delﬁa assay
buﬀer (Wallac). Delﬁa enhancement solution was added to the wells
and ﬂuorescence was measured with time-resolved ﬂuorescence pho-
tometer (Victor2, Wallac).
3.4. Peptide synthesis
Peptides were synthesized and puriﬁed as described earlier [7,28].
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